Fusion of macrophages is an essential step in the differentiation of osteoclasts, which play a central role in the development and remodeling of bone. Osteoclasts are important mediators of bone loss, which leads, for example, to osteoporosis. Macrophage fusion receptor/signal regulatory protein ␣ (MFR/SIRP␣) and its ligand CD47, which are members of the Ig superfamily (IgSF), have been implicated in the fusion of macrophages. We show that CD200, which is not expressed in cells that belong to the myeloid lineage, is strongly expressed in macrophages at the onset of fusion. By contrast, the CD200 receptor (CD200R), which, like CD200, belongs to the IgSF, is expressed only in cells that belong to the myeloid lineage, including osteoclasts, and in CD4 ؉ T cells. Osteoclasts from CD200 ؊/؊ mice differentiated at a reduced rate. Activation of the NF-B and MAP kinase signaling pathways downstream of RANK, a receptor that plays a central role in the differentiation of osteoclasts, was depressed in these cells. A soluble recombinant protein that included the extracellular domain of CD200 rescued the fusion of CD200 ؊/؊ macrophages and their activation downstream of RANK. Conversely, addition of a soluble recombinant protein that included the extracellular domain of CD200R or short-hairpin RNA-mediated silencing of the expression of CD200R prevented fusion. Thus CD200 engagement of the CD200R at the initiation of macrophage fusion regulated further differentiation to osteoclasts. Consistent with in vitro observations, CD200 ؊/؊ mice contained fewer osteoclasts and accumulated more bone than CD200 ؉/؉ mice. The CD200-CD200R axis is therefore a putative regulator of bone mass, via the formation of osteoclasts.
M
ultinucleate osteoclasts originate from the fusion of macrophages and play a major role in the resorption of bone (1) (2) (3) (4) . Osteoclasts are essential for both the development and remodeling of bone, and increases in the number and/or activity of osteoclasts lead to diseases associated with generalized bone loss, such as osteoporosis, and others associated with localized bone loss, such as rheumatoid arthritis and periodontal disease. Because fusion is a key step in the differentiation of osteoclasts, a detailed understanding of the molecular mechanism of macrophage fusion should help develop strategies to prevent bone loss.
The adhesion of cells to one another that precedes fusion appears to involve a set of proteins similar to those exploited by viruses for fusion with host cells (5) . It has been postulated, moreover, that viruses usurped the fusion-protein machinery from their target cells (1) . It is now generally accepted that virus-cell fusion requires both an attachment mechanism and a fusion peptide. An example of such fusion involves gp120 of the HIV, which binds to CD4 on T lymphocytes and macrophages (6, 7) , whereas the fusion molecule gp40, which is derived from the same precursor (gp160) as gp120, is thought to trigger the actual fusion event. We postulated (8) that the fusion machinery used by macrophages is similar to that used by viruses to infect cells. In 1998, we reported that the expression of macrophage fusion receptor/signal regulatory protein ␣ (MFR/ SIRP␣) is induced transiently in macrophages at the onset of fusion (9) . MFR/SIRP␣ and its receptor, CD47, belong to the superfamily of immunoglobulins (IgSF), as does CD4, and their interaction plays a role in the recognition of self and in the fusion of macrophages (10) . To gain further insight into the mechanism of macrophage fusion, we subjected fusing alveolar macrophages from rats to genome-wide oligonucleotide microarray analysis, and we discovered the expression of CD200 de novo at the onset of fusion.
CD200 also belongs to the IgSF and has a short cytoplasmic tail. It is expressed on various types of mouse and human cells (see ref.
11 for a review) and on mouse osteoblasts (12) , but not on macrophages. By contrast, the receptor for CD200 (CD200R), which, resembling CD200, contains two IgSF domains, is expressed predominantly in myeloid cells and includes an intracellular domain that mediates downstream signaling, typically delivering an inhibitory signal. Although five mouse CD200R-related genes, termed mCD200RLa-e, were identified, only one human homolog, called hCD200RLa, is known, yet apparently not expressed (see ref. 11 for a review). Both mCD200RLa and -Lb isoforms were characterized further and show close homology to CD200R in the extracellular region, with short cytoplasmic regions that contain a positively charged lysine residue in the transmembrane domain, possibly interacting with DAP12 to deliver an activating signal. It appears, however, that only CD200R and possibly the strain-specific CD200RLe bind CD200 (11, 13) .
CD200-CD200R has a pattern of expression similar to that of MFR/SIRP␣-CD47 in that CD200, like CD47, is widely expressed, whereas CD200R, like MFR/SIRP␣, is expressed predominantly in cells that belong to the myeloid lineage. Therefore, we postulated that the CD200-CD200R axis might play a role in the fusion of macrophages based on the clearly defined role for the CD200-CD200R interaction to regulate macrophage function (14) , and that mice that lack CD200 would have a defect in macrophage fusion and, as a result, in both osteoclast differentiation and bone remodeling.
We found that the expression of CD200 was potently induced de novo in macrophages at the onset of fusion, and that osteoclasts deficient in CD200 had a defect in multinucleation and in signaling downstream of receptor activator of NF-B (RANK), which are essential for osteoclastogenesis. We also found that CD200-deficient mice had a lower number of osteoclasts and a higher bone density than wild-type mice. Together, our observations indicate that the CD200-CD200R axis plays a central role in the fusion of macrophages and the formation of osteoclasts.
Results

Expression of CD200 de Novo in Macrophages at the Onset of Fusion.
To identify previously undescribed components of the machinery of macrophage fusion, we submitted fusing alveolar macrophages from rats to genome-wide microarray analysis. Such macrophages provide an efficient and homogeneous model system for studies of macrophage fusion (refs. 8-10, 15; see ref. 2 for a review), because they are ''naïve'' and fuse spontaneously in vitro when plated confluently, without the addition of cytokines. Barely any transcripts encoding CD200 (GenBank accession no. X01785) were detected in freshly isolated macrophages, but the levels of transcripts in fusing macrophages were 0.6 Ϯ 1.4, 34.9 Ϯ 7.2, and 61.6 Ϯ 23.4 times higher than those in freshly isolated cells 1, 24, and 120 h after plating, respectively (mean Ϯ SD; n ϭ 3). To confirm the cell-surface expression of CD200, we reacted multinucleated alveolar macrophages with a monoclonal antibody raised against the extracellular domain of CD200. In parallel, we subjected fusing alveolar macrophages to Western blot analysis at different times. We used antibodies directed against MFR/SIRP␣ as a control, because the expression of this protein is induced at the onset of macrophage fusion (8) . Our results confirmed the strong and de novo expression of CD200 as early as 24 h after plating (Figs. 1 A  and B) . However, unlike MFR/SIRP␣, CD200 was not expressed in mononucleate macrophages (Fig. 1 A) .
To investigate whether CD200 was also expressed in osteoclasts, we cultured mouse bone marrow-derived macrophages in the presence of macrophage colony-stimulating factor (M-CSF) (30 ng/ml) and RANK ligand (RANKL) (50 ng/ml) for 5 days to generate osteoclasts (16) . Unlike MFR/SIRP␣ and CD44, neither transcripts encoding CD200 nor CD200 protein were detected in macrophages, but strong expression of such transcripts and of CD200 was induced by RANKL as early as day 2. Moreover, the induction of expression of CD200 transcripts depended on the dose of RANKL (Fig. 1C) . By contrast, the expression of CD200R was clearly constitutive ( Fig. 1 C and D) . Of note, MFR/SIRP␣, CD47, and CD44 were expressed in mouse osteoclasts during their differentiation, and the levels of these proteins were unaffected by disruption of the expression of CD200, because osteoclasts from mice deficient in CD200 expressed similar levels of these proteins. This observation suggests that the expression of these fusion molecules is regulated by a mechanism that is independent of and different from CD200. To confirm that CD200 was expressed on the surface of osteoclasts, we cultured bone macrophages as described (16) , reacted them at different times with a monoclonal antibody that recognized the extracellular domain of CD200, and subjected them to flowcytometric analysis. The results, shown in Fig. 1E , confirm the strong and de novo cell-surface expression of CD200 at the onset of osteoclast fusion/multinucleation.
Together, our results indicate that CD200 might be a previously unrecognized component of the macrophage fusion machinery. Therefore, we postulated that the deletion of CD200 could affect the differentiation of osteoclasts.
The Absence of CD200 Impaired the Differentiation of Osteoclasts. To examine first whether CD200 affects the number of osteoclast Fig. 1 . Rat alveolar macrophages and mouse bone marrow-derived macrophages express CD200 upon multinucleation. (A) Freshly isolated rat alveolar macrophages were plated at confluency over 50% of the surface of each well to promote fusion and multinucleation. After 5 days, they were subjected to immunohistochemical analysis. Note that mononucleated macrophages were positive for MFR/SIRP␣ and CD44 but not for CD200. (Scale bar, 1 mm.) Also note that multinucleate rat alveolar macrophages contained hundreds of nuclei that were stained with DAPI (blue). (B) Freshly isolated rat alveolar macrophages were plated as in A and subjected to Western blot analysis at the indicated times. Note that CD200 was not detected in macrophages for the first 24 h. (C) Mouse bone marrow-derived macrophages were cultured in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) for the indicated times to induce the differentiation of multinucleate osteoclasts. Cells were analyzed by RT-PCR. Note that mouse bone marrow-derived macrophages expressed transcripts for CD200 receptor (CD200R) but not for CD200. The abundance of CD200 mRNA relative to that of GAPDH, in response to M-CSF (30 ng/ml) and increasing doses of RANKL, was determined. (Scale bars represent standard deviations; n ϭ 3.) (D) Mouse bone marrow-derived macrophages were cultured in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) for the indicated times to induce the differentiation of multinucleate osteoclasts. Cells were subjected to Western blot analysis by using antibodies directed against the indicated antigens. (E) Flow-cytometric analysis (in a FACS) of the expression of CD200. Mouse bone marrow-derived macrophages were isolated from CD200 ϩ/ϩ and CD200 Ϫ/Ϫ mice, cultured in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) and subjected to flow-cytometric analysis at the indicated times with an antibody directed against CD200 and a control isotype antibody. Bone marrow-derived macrophages expressed increasing amounts of CD200 with time in the presence of M-CSF and RANKL, which promote fusion, multinucleation and osteoclastogenesis.
precursors, we subjected freshly isolated bone marrow cells to flow-cytometric analysis using surface markers expressed by preosteoclasts (17, 18) . The percentage of precursor cells relative to the total number of bone marrow cells was similar in CD200 ϩ/ϩ and CD200 Ϫ/Ϫ mice ( Fig. 2A) . We then compared the rates of osteoclastogenesis in vitro in CD200 ϩ/ϩ and CD200 Ϫ/Ϫ mice. We cultured mouse bone marrow macrophages in the presence of M-CSF (30 ng/ml) and increasing concentrations of RANKL for 5 days to generate osteoclasts. The absence of CD200 resulted in a dose-dependent decrease in the number of osteoclasts and in the surface area covered by osteoclasts (Fig. 2B) . These data strongly supported our hypothesis that CD200 plays a role in the formation of osteoclasts. Although fewer and smaller, bone-marrow-derived CD200 Ϫ/Ϫ macrophages differentiated into osteoclasts that formed an actin ring and resorbed dentin; hence, they appeared morphologically and functionally mature [supporting information (SI) Fig.  6 ]. In addition, CD200
Ϫ/Ϫ osteoclasts, like wild types, expressed mature osteoclast markers, such as calcitonin receptors, and osteoclast-associated receptor (OSCAR) and to a lesser level cathepsin K (SI Table 1 ). Together, our data suggest that CD200 plays a role in the multinucleation of osteoclasts but not in their ability to differentiate into active osteoclasts (SI Fig. 6 ).
Because RANKL, which activates the NF-B and MAP kinase signaling pathways that operate downstream of RANK, is essential for osteoclastogenesis, we next asked whether a deficiency in CD200 might affect signaling downstream of RANK. We cultured bone marrow cells from CD200-deficient and wild-type mice in the presence of M-CSF (30 ng/ml) for 2 days, then, after starving them for 2 h, we treated them with RANKL (50 ng/ml) up to 2 h and, finally, we subjected them to Western blot analysis with phosphorylated form-specific and control antibodies directed against IkB␣, p38, ERK1/2, and JNK. Although activation of IkB␣ was slightly decreased, activation of JNK was almost completely abolished in cells that lacked CD200 (Fig. 3) . These results revealed that the absence of CD200 attenuated the transduction of signals downstream of RANK and suggested that the CD200-CD200R interaction might play a role in this signaling pathway and in the formation of osteoclasts.
The CD200-CD200R Axis Is a Component of the Fusion Machinery. To address the putative role of the CD200-CD200R axis in the fusion of macrophages, we used several complementary strategies. First, we asked whether exogenous CD200 could rescue the differentiation of osteoclasts in vitro in cells that lack CD200. We generated a histidine-tagged soluble recombinant protein that included the extracellular domain of mouse CD200 (sCD200). We cultured bone marrow cells isolated from CD200-deficient and wild-type mice in the presence of M-CSF (30 ng/ml), RANKL (50 ng/ml), and sCD200 (0.5 g/ml). The addition of sCD200 rescued multinucleation of CD200-deficient macrophages (Fig. 4A) , whereas soluble histidine-tagged recombinant prostate-specific antigen, used as a control, did not (data not shown). We next asked whether sCD200-induced fusion resulted from the activation of JNK and IB activation, which is suppressed in the absence of CD200. We cultured bone marrow cells from CD200-deficient and wild-type mice in the presence of M-CSF (5 ng/ml) for 2 days. After starving them for 2 h, we treated them for 30 min with RANKL (50 ng/ml), in the presence and absence of sCD200 (0.5 g/ml) and, finally, we subjected them to Western blot, as described above. The addition of sCD200 restored the activation of JNK, but not of IB, support- Bone marrow cells from 6-week-old CD200-deficient and wild-type mice were subjected to flow-cytometric analysis with antibodies directed against c-fms, Mac-1, and C-kit, as surface markers. Note that the absence of CD200 did not affect the number of osteoclast precursor cells (Left). (Scale bars, SD; n ϭ 5.) (B) Bone-marrow-derived macrophages from 6-week-old CD200-deficient mice were cultured in the presence of M-CSF (30 ng/ml) and increasing concentrations of RANKL for 5 days to induce the differentiation of osteoclasts (Left). Bone marrow macrophages that lacked CD200 formed fewer osteoclasts than wild-type cells (Right). (Scale bars, SD; n ϭ 5.) Fig. 3 . In osteoclasts deficient in CD200, the activation of signaling molecules downstream of RANK is suppressed. Bone marrow macrophages isolated from CD200-deficient, and wild-type mice were cultured in the presence of M-CSF (5 ng/ml) for 12-18 h. Nonadherent cells were further cultured for 2 days in 24-well dishes, starved for 2 h, and then stimulated with 50 ng/ml RANKL for the indicated times. Cells were subjected to Western blot analysis with antibodies directed against the indicated antigens. The activation, by phosphorylation, of IB and JNK was less extensive in cells that lacked CD200 than in wild-type cells. This experiment was repeated three times with similar results.
ing a role for CD200 in the differentiation of osteoclasts via CD200R-mediated downstream signaling (Fig. 4B) .
We postulated next that, if the CD200-CD200R interaction plays a role in fusion, interference with this interaction should block fusion. We engineered a histidine-tagged soluble recombinant protein that included the extracellular domain of mouse CD200R (sCD200R). We cultured bone marrow cells from wild-type mice in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) in the absence and presence of sCD200R (50-400 ng/ml) and soluble histidine-tagged recombinant prostate-specific antigen (400 ng/ml). As anticipated, osteoclastogenesis was blocked in the presence of sCD200R in a dose-dependent manner (Fig. 4C) .
We next asked whether osteoclasts express other CD200R-like molecules (19) . We found that mouse osteoclasts expressed transcripts that encoded CD200R and also CD200RLc (data not shown). To date, the function of this additional receptor remains unclear. Because CD200 could activate alternative receptors, such as CD200Lc, and because sCD200R could block the interaction of CD200 with alternative receptors, we questioned whether CD200 signals specifically through CD200R to modulate fusion. To do so, we attempted to silence the expression of CD200R in fusing macrophages by RNAi with short-hairpin RNA (shRNA). We generated three retrovirus-based shRNA constructs that targeted mouse CD200R (shRNAi1, shRNAi2, and shRNAi3), as well as a construct that encoded random sequences (MigR1rdm). We transduced bone marrow macrophages isolated from wild-type mice with these constructs, as well as the empty vector (MigR1). Each one of the shRNA constructs (shRNAi1, shRNAi2, and shRNAi3) interfered with the expression of CD200R and prevented the fusion of osteoclasts (Fig. 4D) . By contrast, neither MigR1 nor MigR1rdm affected the expression of CD200R and the differentiation of osteoclasts. Together, these results confirmed the proposed central role for the CD200-CD200R axis in the fusion of macrophages and in osteoclastogenesis.
The Absence of CD200 Does Not Impair the Differentiation of Osteoblasts. To determine whether osteoblasts express CD200 and its receptor, CD200R, we cultured bone marrow cells for 9 days in the presence of ascorbic acid (50 g/ml) and ␤-glycerophosphate (10 mM). We then subjected these bone marrow-derived osteoblasts to Western blot analysis. Such an approach confirmed the relatively low-level expression of CD200 (12) and the absence of CD200R in osteoblasts (Fig. 5A) . To determine whether the absence of CD200 affects the differentiation of osteoblasts, we compared the alkaline phosphatase (ALP) activity and the ability to form bone-like nodules of bone marrow-derived osteoblasts from CD200-deficient and wild-type mice. The absence of CD200 had no effect on ALP activity and on the formation of nodules by osteoblasts (Fig. 5B ).
CD200-Deficient Mice Had Higher Bone Density and Fewer Osteoclasts
than Wild-Type Mice. Our in vitro data clearly indicate that CD200 and its receptor CD200R play a positive role in the differentiation of osteoclasts but not of osteoblasts. If this is true, then mice that lack CD200 should have a lower number of osteoclasts and a higher bone mass.
To address this question, we first subjected 2-month-old male and female CD200 Ϫ/Ϫ and wild-type mice to DEXA analysis (see Material and Methods). Consistent with our hypothesis, both male and female CD200 Ϫ/Ϫ mice had higher spinal bone densities than corresponding wild-type mice (SI Fig. 7A ). Peripheral quantitative tomography analysis of the femurs from these mice revealed that CD200 deficiency was associated with an increase in the total density of the shaft in both males and females and of the distal femur in females, as compared with age-and sex-matched wild-type mice (SI Fig. 7B ). In CD200-deficient female mice, there was a decrease in the trabecular area of the shaft and the distal part of the femur, whereas in CD200-deficient male mice, there was an increase in the trabecular area of the distal femur only, as compared with the respective wild-type mice. In CD200-deficient male mice, there was an increase and in CD200-deficient female mice a decrease in periosteal circumference, in both the shaft and the distal femur, as compared with corresponding wild-type mice. It appeared, therefore, that CD200 deficiency has led to the enhanced accumulation of bone.
To confirm that the increase in total bone density was the result Fig. 4 . The CD200-CD200R axis is required for osteoclast fusion/multinucleation. (A) Bone-marrow-derived macrophages from 6-week-old wild-type mice were cultured in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) with or without the recombinant extracellular domain of CD200 (sCD200; 0.5 g/ml) or recombinant prostate-specific antigen as a control. sCD200 allowed the differentiation of osteoclasts in macrophages that lacked CD200 (SD; n ϭ 3). (B) Bone marrow macrophages isolated from CD200-deficient and wild-type mice were cultured in the presence of M-CSF (5 ng/ml) for 12-18 h. Nonadherent cells were cultured for a further 2 days in the presence of M-CSF (30 ng/ml), starved for 2 h, and then treated with RANKL (50 ng/ml) with or without sCD200 (0.5 g/ml) for 30 min. The cells were then subjected to Western blot analysis with the indicated antibodies against IkB␣ and JNK and their phosphorylated forms. Numbers represent relative expression of P-IB and P-JNK over JNK. The addition of sCD200 restored the activation of JNK but not of IB␣. (C) Bone-marrowderived macrophages from 6-week-old wild-type mice were cultured in the presence of M-CSF (30 ng/ml) and RANKL (50 ng/ml) with or without the recombinant extracellular domain of the CD200 receptor (sCD200R). sCD200R blocked the fusion of macrophages (SD; n ϭ 5), whereas recombinant prostate-specific antigen had no effect (osteoclast surface, 0.38 Ϯ 0.1; osteoclast number, 170.0 Ϯ 23.3). (D) Bone-marrow-derived macrophages from 6-week-old wild-type mice were cultured in the presence of M-CSF (30 ng/ml) for 2 days before being transduced with the retroviral vector MigR1, which encoded, or not, shRNAs designed after the CD200R1 cDNA. A construct encoding random (rdm) oligonucleotides was used as a control. Each of the three targeting retroviral constructs, namely shRNAi1, shRNAi2, and shRNAi3, abolished the expression of CD200R1 (see Western blot, Bottom Left) and prevented the formation of multinucleate osteoclasts (Top and Right). These experiments were reproduced several times with similar results.
of a decrease in the number of osteoclasts, we subjected the distal femurs from CD200-deficient and age-and sex-matched wild-type mice to histomorphometric analysis. Our results confirmed that CD200-deficient mice, both males and females, had an increase in trabecular bone volume when compared with wild types (Fig. 5C and SI Fig. 7C ). We also found a decrease in the relative bone surface area that was occupied by osteoclasts in both male and female CD200-deficient mice. To our surprise, despite the increase in bone density in CD200-deficient female mice, we found a decrease in the relative surface area of bone that was covered by osteoblasts (SI Fig. 7C ). This result further suggested that it was, indeed, the osteoclasts that were responsible for the higher bone volume in CD200-deficient mice.
To determine whether the increase in bone volume persisted with aging, we subjected the distal femurs from both CD200-deficient and wild-type 6-month-old mice to high-resolution microcomputed tomography analysis. Both male and female CD200-deficient mice had accumulated more trabecular bone than the corresponding wild types (Fig. 5D and SI Table 2 ). This observation was supported by peripheral quantitative tomography analysis of the same bones, which showed that trabecular density was higher in the CD200-deficient mice than in the corresponding wild types (SI Fig. 7D ).
Discussion
The CD200-CD200R axis appears to be a central player in the fusion and/or multinucleation of macrophages, which is required for the differentiation of osteoclasts, and the regulation of bone mass. Although our results confirm that mononucleate macrophages do not express CD200 (14) , they reveal that their fusion is accompanied by strong and de novo expression of CD200. Not only is the expression of CD200 abruptly induced in fusing osteoclasts, but absence of CD200 impairs osteoclastogenesis, with a subsequent increase in bone volume and, hence, a form of osteosclerosis.
Our analysis of the number of bone marrow macrophages/ osteoclast precursor cells as a percentage of the total number of bone marrow cells, which was similar in CD200-deficient and wild-type mice, suggests the CD200-CD200R axis does not control the differentiation of premonocytes (17, 18) . This is in contrast with the numbers of splenic and mesenteric lymph node macrophages, which are elevated in mice that lack CD200 (14) . It is possible that monocytes from bone marrow are less differentiated than those from lymphoid organs, which might express low levels of CD200. Nevertheless, the decreases in the numbers of osteoclasts in CD200-deficient mice cannot be attributed to decreases in numbers of precursor cells.
Of possible relevance to fusion, genes for CD200-like proteins have been identified in the genomes of some, but not all, members of families of double-stranded DNA viruses, such as poxviruses, herpesviruses, and adenoviruses (20, 21) . Moreover, the product of the K14 gene of Kaposi's sarcoma-associated herpesvirus is a ligand for CD200R (20, 21) . Similarly, M141R is a cell-surface protein encoded by myxoma virus with significant homology at the amino acid level to CD200, required for the full pathogenesis of myxoma virus in the European rabbit (22) . Most importantly, both CD200 and its viral homologs activate the CD200R to down-regulate basophil (HHV-8; ref. 23 ) and macrophage (HHV-8 and M141R; refs. 21 and 22) function. Hence, as might be the case for CD47, which is homologous to proteins encoded by vaccinia and myxoma virus (24, 25) , viruses might have ''stolen'' CD200 to allow them to evade the immune response and to fuse with and infect cells. Of note, in both Drosophila myoblast fusion and mammalian macrophage fusion, members of the IgSF mediate adhesion and also initiate intracellular signaling events (4), suggesting a supporting role for the CD200-CD200R axis in fusion; however, this is highly hypothetical.
Although the CD200-CD200R axis plays an inhibitory role in the immune system (see ref. 11 for a review), it appears to play a supporting role in macrophage fusion via RANK signaling, because the absence of CD200 or the silencing of CD200R slow down the differentiation of osteoclasts. Because it has been proposed that the MFR/SIRP␣ also transmits an inhibitory signal to myeloid cells via its ITIM domain and facilitates macrophage fusion (1, 2), it is possible that these two axes, namely MFR/SIRP␣-CD47 and CD200-CD200R, work in tandem to secure the fusion of osteoclasts while preventing their activation in response to CD200R and MFR/SIRP␣ ligation. Indeed, macrophages might require ''deactivation'' or ''suppression'' to proceed with fusion. This is a concept that necessitates further investigation. In that respect, mice that lack both CD47 and CD200 might provide a model to answer this question. In addition, we cannot exclude the possibility that CD200 and its receptor associate both in cis and in trans via their Nterminal domains, because the fusing partners are both macro- Fig. 5 . The absence of CD200 increases bone density. (A) Bone marrow cells from 6-to 8-week-old CD200-deficient and wildtype mice were plated in 24-well plates (5 ϫ 10 6 cells/well) and cultured for 9 -11 days in ␣-MEM supplemented with ascorbic acid (50 g/ml) and ␤-glycerophosphate (10 mM) to acquire the osteoblast phenotype. Osteoblast lysates were analyzed for protein concentration and subjected to Western blot analysis with antibodies directed against mouse CD200, CD200R, and GAPDH. (B) Bone-marrowderived osteoblasts were examined for ALP activity and stained for calcium with alizarin red S to allow quantitation of the number of nodules per well (SD; n ϭ 6). Cell lysates were analyzed for ALP activity (Left; SD; n ϭ 6). These experiments were repeated three times with similar results. (C) Toluidine blue-stained sections of proximal tibiae from 2-month-old CD200-deficient male and female mice and wild-type mice. (Scale bar, 1 mm.) (D) Microcomputed tomography analysis of distal femurs from 6-month-old male and female CD200-deficient mice. Note the increased density of trabeculae inside the distal femur of CD200-deficient male and female mice as compared with wild types. The widest diameter of the bone sections correspond Ϸ3 mm. 
